Phase I trials are increasingly including dose-expansion cohorts after the maximum-tolerated dose (MTD) has been reached to better characterize the toxicity profile or identify early signs of efficacy within a specific disease population. This article provides guidelines on how to monitor safety and re-evaluate the MTD using data obtained from expansion cohorts of phase I protocols. We illustrate how to implement a sequential monitoring rule for safety using a completed phase I trial that included an expansion cohort. We compare the accuracy of the revised MTD with the MTD obtained before expansion and with the true MTD based on simulated trials. The percent of trials that led to a change in the MTD, how far the revised MTD was from the true MTD, and the toxicity rates associated with each level are reported. When toxicity outcomes from the expansion cohort are taken into account, there is a 50% chance that a new, higher MTD will be recommended. Significant improvement in the accuracy of the MTD is obtained 30% of the time (ie, revised MTD is exactly the true MTD), and moderate improvement is obtained 80% of the time when the revised MTD is within a level from true MTD. Failure to include toxicity outcomes from additional patients treated during the expansion phase may result in a less accurate estimate of the MTD. This article provides investigators of phase I protocols with methodological tools to monitor safety and/or efficacy for patients accrued during the expansion phase and to update or confirm the established MTD.
INTRODUCTION
Recent reports show that phase I trials are increasingly using dose-expansion cohorts (DECs) to better characterize the toxicity profiles of experimental agents or study disease-specific cohorts. [1] [2] [3] [4] The protocols typically consist of two phases: the doseescalation phase, followed by the dose-expansion phase. During the dose-escalation phase, a dosefinding algorithm identifies the maximum-tolerated dose (MTD), and during the expansion phase, an additional number of patients (six, 10, or more) are treated at the MTD. We define the MTD as that reached by the dose-escalation algorithm and the recommended phase II dose (RP2D) as the dose level recommended for future trials based on review of additional data and safety considerations, which could include data obtained during the expansion phase. As more patients are treated, there is always a chance of observing more dose-limiting toxicities (DLTs). These additional DLTs that occur during the safety expansion phase therefore provide investigators with the opportunity to refine the estimate of the MTD established during the dose-escalation phase. In this article, we consider the toxicity responses, along with other efficacy end points, from the additional patients added at the MTD as part of an expansion cohort and illustrate how we can inform the selection of the RP2D in light of these data.
The broader aim of expansion cohorts varies from exploring pharmacokinetic (PK), pharmacodynamic (PD), efficacy, or biomarker-related end points while the primary aim remains to further evaluate the safety profile of an experimental agent and confirm the MTD. Often, DECs have different eligibility criteria than dose-escalation cohorts to study a specific targeted population within a certain disease type. Is it appropriate to combine all the safety data from a heterogeneous patient population, such as patients with all solid tumors, with the more homogeneous patient population treated during the expansion phase? If a combined analysis is performed, and it recommends a revised MTD, how many patients need to be treated at the new MTD? How can efficacy or other secondary end points be taken into consideration when selecting the RP2D? In this article, we outline design considerations for phase I trials with expansion cohorts from both a clinical perspective as well as a statistical standpoint so that a more efficient and accurate dose is selected for future trials.
MOTIVATION FOR RE-EVALUATING THE MTD
First, we report a recent literature review summarizing key points relevant to design considerations of phase I trials with expansion cohorts. We then illustrate through a clinical trial that re-evaluation of the MTD can suggest a new phase II dose different from the MTD established during the dose-escalation phase. We quantify through simulated trials how often the estimated MTD and RP2D agree and how often each level agrees with the true and unknown MTD.
Literature Review
We reviewed phase I trials with dose expansion published between 2009 and 2012. We used the search terms (("phase I"[Title/ Abstract]) AND "dose expansion"[Title/Abstract]) in the PubMed database. This search was not exhaustive; it is meant to illustrate the fact that there is no consensus regarding the design of phase I trials with DECs. We found that there can be more than one expansion cohort at more than one dose level, drug combination, or schedule; the expansion phase can involve nine to 100 patients, and it often narrows eligibility criteria to enroll patients with specific tumor types to obtain a preliminary efficacy assessment (Table 1) . A majority of DECs were treated at a single dose, with the exception of one study of a multitarget inhibitor that expanded at two dose levels to further assess hepatotoxicity at the lower dose. 7 A phase I study of bevacizumab with temsirolimus combined with liposomal doxorubicin also expanded at two dose levels, varying the dose of liposomal doxorubicin from 20 to 30 mg/m 2 because of an increased rate of grade 2 or higher toxicities that required dose reductions beyond cycle one.
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Simulated Results
In this section, we compare through simulated trials how often the MTD established by the dose-escalation algorithm alone agrees with the RP2D at the end of the study when all data from the two phases are combined. The likelihood of the RP2D being different from the MTD found during the dose-escalation phase depends on the number of DLTs observed during the expansion phase. That, in turn, depends on the underlying dose-toxicity curve, which in practice is unknown. In simulated trials, the underlying dose-toxicity curve is known, and thus, we are able to assess whether the estimated MTD before and after the expansion phase is indeed the actual/true MTD.
We simulated 1,000 trials testing five, six, or eight prespecified dose levels and varying the location of the true MTD based on some underlying hypothetical DLT rates. We evaluated 10 scenarios for the true dose-toxicity curve (Appendix Fig A1, online only) , six of which were reported previously.
12 All trials followed the 3 ϩ 3 design 12 (Appendix Table A1 , online only), and once the MTD was found, an additional 10 patients (expansion cohort) were added at the MTD for a total of 16 patients treated at the MTD. Simulations with 10 (six plus four) patients at the MTD were also performed. The acceptable toxicity rate for the complete analysis varied from 25% to 30% (scenarios S 1 to S 4 target 30% DLT rate, whereas scenarios S 5 to S 10 target 25% DLT rate). To estimate a new MTD using the combined toxicity data from the dose-escalation cohort and DEC, a retrospective dose-toxicity curve was fitted for each simulated trial using methodology previously described. 13 The approach described here can be used regardless of design choice, on the premise that this is a complete analysis of the combined observed toxicities.
First, we compare how close the revised MTD or RP2D is to the MTD reached before the expansion phase. Figure 1 shows the percentage of trials that recommended each level based on the design and final analysis method for the first four scenarios. The x-axis shows the recommended level based on the escalation algorithm alone, whereas the y-axis shows the recommendation based on the final analysis, which includes data from the dose-escalation cohort and DEC. Figure 1 demonstrates that the complete analysis often recommends a higher dose compared with the MTD reached before the expansion cohort, as indicated by the trials falling above the diagonal line. Moreover, this higher dose in all four scenarios was closer to the true MTD than the level estimated using dose-escalation data alone. For example, in scenario S 1 , 47% of the trials recommend a higher dose toward level four, which is the true MTD, as opposed to 5% of the trials where recommendation is for level five. Figure 2 summarizes the changes in the MTD recommendation in relation to the true MTD. There is an approximately 50% chance of changing the MTD based on the new data obtained from the expansion cohort. When the recommendation is to change the MTD, on average, 30% of the recommended levels will point exactly to the true MTD, whereas approximately 50% will point to a level within a range Ϯ one level from the true MTD. In our examples, the acceptable toxicity rate varied from 25% to 30%, so the levels around the MTD that were considered within an acceptable toxicity range were levels at which the corresponding toxicity rate was 15% to 33%. If the actual MTD is not the last level, there is an 80% chance that the refined estimate of the MTD will be a dose level within an acceptable toxicity range. Thirteen percent of simulated trials had a DLT rate between 20% and 30% at the MTD after expansion, with the majority of trials (60%) having a DLT rate of less than 15%.
RE-EVALUATING THE MTD
In this section, we outline four methods for how reassessment of the MTD using complete data can be carried out. The first method combines all the toxicity data, before and after expansion, into a final retrospective analysis. No changes in the design or other considerations are taken into account during the enrollment of patients onto the expansion cohort. The second approach allows for re-evaluation of the MTD as more data are obtained from the expansion cohort and incorporates stopping rules for safety. The third approach allows reevaluation of the MTD when safety and efficacy are taken into consideration simultaneously before recommending a new level. Finally, issues pertaining to patient heterogeneity are discussed in the context of dose-finding algorithms, such as when it is appropriate to have separate MTDs for separate groups.
Option One: Using Safety Data Alone-Retrospective Assessment
A final, complete analysis including the toxicity responses from the additional patients could confirm or revise the DLT rate at the MTD with a higher precision and accuracy as follows. We use the completed phase I trial of intravenous aflibercept in combination with docetaxel (at a fixed dose) in patients with advanced solid tumors 14 for illustration. The trial included a dose-escalation phase using a 3 ϩ 3 design followed by a DEC. A total of 54 patients were accrued: 34 patients during the dose-escalation phase, and 20 patients during the expansion phase. Initially, 10 patients were treated as part of the dose-escalation phase at the MTD of 6 mg/kg. The recommended MTD was 6 mg/kg based on two DLTs: one event of hypertension at dose 7 mg/kg, and one patient who had progressive increaseinbloodpressuretreatedatdose9mg/kg.Table2showsobserved DLT rates at the six levels included during the dose-escalation phase. The recommended dose based on reanalysis of data from the 34 patients, without including the expansion cohort, is 7 mg/kg, assuming an acceptable toxicity rate of 25% (details listed in Appendix Table A2 , online only). However, the expansion phase of the protocol treated 20 more patients at 6 mg/kg, because that was the MTD based on the adverse events seen at higher doses.
Option Two: Prospectively Guiding Dose Expansion Using Safety
Alternatively, instead of treating all patients at the MTD during the expansion phase, investigators might guide the dose expansion prospectively using a dose-finding algorithm. The recommendation will be to stay at the MTD as long as the estimated DLT rate is sufficiently safe, based on some threshold of acceptable toxicity. If a high number of DLTs is observed, de-escalation will be recommended. Alternatively, if a low rate of DLTs is observed in the DEC, the dose recommendation will be higher. Table 3 summarizes how a sequential safety monitoring rule can be implemented using hypothetical DLT outcomes for the 20 patients. The recommendation is dose 7 mg/kg as long as we observe Յ eight DLTs in the expansion cohort (eight of 30 [26.6%]). However, if we observe Ն nine DLTs among 30 patients, the predicted DLT rate increases for dose 7 mg/kg and, the recommendation would be to stay at dose 6 mg/kg. This example illustrates that the dose recommendation can be lower or higher than the pre-expansion dose, because model-based methods are adaptive to new data.
Option Three: Prospectively Guiding Dose Expansion Using Safety and Efficacy
Thus far, we have presented methods that either treat all patients in the expansion cohort at the same level or allow re-evaluation of the Revised MTD After Expansion MTD Reached by Dose Escalation MTD depending on the number of DLTs. Both assessments are based on safety alone, and the decision to continue treating patients at the revised MTD until some level of confidence is achieved can be made using statistical considerations (like a CI estimation around the DLT rate 15 ) or using a practical rule (eg, until six patients are treated at the revised MTD 16 ). CIs tend to be wide in the context of phase I trials, so treating a minimum of six patients at the revised MTD is a useful rule of thumb. The third option is to take into account efficacy during the expansion cohort when evaluating the MTD. This approach can be used when the primary aim of the DEC is to simultaneously assess safety and efficacy. In this case, efficacy measures can be used to guide the dose assignment in the expansion cohort. We can use previous patients' outcomes, both in terms of toxicity and efficacy, to inform the dose selection for the next patients to be treated. This can be done using sequential model-based dose-finding algorithms that aim to recommend a dose optimal in both safety and efficacy. 17, 18 On the basis of some prespecified promising and low efficacy rates (eg, 30% v 5%), the algorithm points to a level that is safe and simultaneously tests if this level has an efficacy rate of, for example, Ն 30%. If a safe and efficacious level does not exist, then at the end of the study, we still have a recommended MTD based on safety, but the test indicates that the efficacy rate is likely close to the 5% rate under the null hypothesis.
Option Four: Experimenting at More Than a Single Level
Another option, which is rarely employed, is to allow patients being treated during the expansion phase to be randomly assigned to two levels near or at the MTD. 19 The hypothesis is that regardless of the design being used in the dose-escalation phase, during the expansion phase, we are experimenting in the neighborhood of a target dose with an acceptable rate of toxicity, often near the true MTD. Random assignment allows us to refine our initial estimate of the MTD by continuing experimentation in a narrower dose range at and around the initial estimate of the MTD. This will further enable us to address the question of whether a higher level is promising in terms of efficacy, but that level might not be acceptable because of the rate and types of serious adverse events. The algorithm that sequentially assigns patients to one level Ϯ the MTD can take into account the estimated DLT rates such that overdose control can be maintained via safety constraints. Of course, the number of patients treated at levels above the MTD depends on the steepness of the dose-toxicity and dose-efficacy curves and safety constraints, which in turn can depend on the particular disease setting, investigational drug, and previous experience with this drug (eg, type, severity, resolution of adverse events). Finally, if the safety criterion points to a lower level, it is possible that the number of patients treated at the higher level will not be sufficient, and thus, the efficacy result may not be conclusive at the end of the study. This is an equally important finding, because investigators might want to experiment more at that level depending on the types of adverse events, or they might accept the inconclusive result given the safety concerns. These tools are meant to guide the process along with clinical judgment so that any final decisions can be based on a review of all accumulated data. These algorithms are flexible through the choice of model parameters, which in turn control the operating characteristics, and should be evaluated in the particular trial before being used.
Option Five: Taking Into Account Different Eligibility Criteria
Because the aim of expansion cohorts varies from exploring PK, efficacy, or biomarker-related end points, DECs often have different eligibility criteria to study a specific targeted population within a certain disease type. The underlying assumption is that the same toxicity profile and MTD apply to different populations. Given that Percent of 1,000 simulated trials in which dose recommended by combined analysis using dose-escalation and -expansion cohorts was same as level recommended by dose-escalation alone, regardless if that is true maximumtolerated dose (MTD). Within a level is defined as dose Ϯ one level from true MTD; exact is defined as true MTD; other includes dose recommendations that are within two levels from true MTD. investigators frequently base the RP2D on safety data from heterogeneous patient populations, it is often clinically appropriate to combine safety data from the dose-escalation cohort and DEC. In cases where a trial enrolls patients with solid tumors or a heterogeneous group during dose escalation but focuses on a particular disease type or a more homogenous group for the DEC, there are dose-finding algorithms that can estimate the MTD for each group. 20 Such designs can indicate whether there is a single MTD for all groups or separate MTDs for each group. The basic idea is that there is a dose-toxicity model that is updated based on previous patients' responses, and there is a covariate effect measuring the difference in levels between the groups. The data might support no difference in the two groups or a shift in the MTD by one or two levels.
DISCUSSION
The assumption that we have reached the MTD during the doseescalation phase and that thus patients in the expansion cohort are receiving the right dose is not always true. We argue that DECs in phase I studies need to be sequentially monitored for safety, and experimentation should be adaptively changed if supported by the results. The limited number of patients involved in dose-escalation trials, combined with patient heterogeneity in terms of prior therapies, disease setting, and concurrent illnesses, makes it impossible to know whether the MTD reached is indeed the true MTD. Moreover, the size of expansion cohorts varies, with recent phase I studies enrolling 100 to 200 patients when aiming to target five disease sites, for example, with 20 patients in each DEC. 6, 21 Our previous simulations have shown that on average, 20 to 35 patients are sufficient to estimate safety and efficacy in DECs with a homogeneous group. 18 The precise estimate of how many patients are needed depends on the objective of the study, the number of levels in the dose-escalation phase, and whether multiple drugs, schedules, or heterogeneous disease groups are involved. In more complex settings, it also depends on the amount of information borrowed between treatment schedules, drug combinations, and patient groups. We suggest that the DEC size should be at least 50% of the pre-expansion sample size, or a minimum of 12 to 15 patients, to obtain some meaningful preliminary evidence for efficacy.
Trial duration of these studies depends on target accrual, accrual rate, and cohort size. The idea that model-based designs take longer to complete is not true.
12 As phase I trials increasingly add expansion cohorts, they can no longer be viewed as small, short trials. Because the commitment in terms of both time and resources is increasing, it is imperative that we improve our estimation of the MTD by using all available information, including secondary and/or exploratory end points when available, such as PK/PD end points or lower-grade toxicities. For example, using subdose-limiting toxicities to guide dose escalation can get us to the neighborhood of the MTD faster, especially when we experiment with a large number of levels.
22-24 The design we discussed using efficacy to guide dose expansion can be used with any other binary end point, such as plasma concentration, tumor absorption, biomarker expression, or PK/PD end points. If instead of efficacy we use biomarker expression, for example, this methodology can be coupled with the paradigm of targeted therapies by allowing dose expansion to focus experimentation in a targeted population in terms of both patient selection for future trials as well as selection of an appropriate dose level.
The approaches we have discussed here mainly address the simplest cases, where the toxicity end point is measured by presence or absence of DLT, and the efficacy end point is binary, such as responders versus nonresponders. We have not taken into account the effect of cumulative toxicities observed in a longitudinal setting from subsequent cycles of treatment, and we consider these to be important issues that require further research. Model-based designs can be extended to take into account correlated data such as information obtained from intrapatient dose de-escalations and intermediary or lower-grade toxicities. Some of these more complex situations and necessary design modifications have been discussed previously. 19, 20 Finally, the concepts discussed here can be used in the context of multiple-drug combinations, as long as there is an expectation of higher toxicity with higher dose levels. In cases where higher dose levels do not always correlate with higher toxicity, available designs can be modified to address issues specific to DECs. 25 One reviewer pointed out that use of model-based methods depends on the willingness of investigators to recommend a new, higher phase II dose in the absence of toxicity information from additional patients being treated at the revised level. In this article, we provided various options for guiding DECs mainly grouped into two options. The first option is to treat all patients at the pre-expansion level (ie, initial MTD), and then use all the updated information to decide whether the combined data point toward a new dose. If the expansion cohort proves the current MTD as completely nontoxic, it is up to the investigators to decide whether they want to treat more patients at a higher dose for potential higher-efficacy activity. The second option is to allow patients in DECs to be treated at more than a single level, as described in detail in Options Two to Four in this article. Adaptive designs concentrate experimentation near the MTD, in which case toxicity information will be available from nearby levels, not just a single level. Clinical experience cannot be replaced by model recommendations. If, for example, we have observed zero DLTs of six and two DLTs of three patients at dose levels four and five, respectively, and zero DLTs in 10 patients treated in the DEC at level four, no method can find the dose associated with 33% of the DLT rate in this scenario, unless we allow interpolation (insertion) of intermediary levels or additional experimentation to further confirm the 67% rate at level five. If clinicians do not consider exposing more patients to the level at which two of three DLTs were observed as acceptable, and because the level at which zero of 16 patients experienced DLTs is likely to be inactive, the option to experiment at intermediate dose levels is a viable option. The decision to add intermediate dose levels can be based on subdose-limiting toxicities, PK data, or other data obtained beyond cycle one. Given preclinical or clinical data from other trials or previous formulations of the drug, and evaluation of the type and severity of DLTs, investigators might accept a higher toxicity rate. Different factors, including whether DLTs are reversible and not alarming, onset time, attribution, agent type (cytotoxic v molecular), and other considerations, can affect this decision. For example, in the drug combination study reported by Moroney et al, 10 because of an increased rate of grade 2 toxicity that required dose reductions beyond cycle one, an intermediate dose level was added that was not part of the dose expansion but informed the choice of RP2D.
In this article, we have shown that a final analysis that takes into account additional data can recommend a different dose level on average 50% of the time, and in no scenario studied have we found a reduction in accuracy. The majority of simulated trials that led to a revised RP2D recommended a higher level after the expansion compared with the level reached using the dose-escalation data alone. These data suggest that on average, failing to analyze the expansion cohort, in conjunction with the pre-expansion cohorts, is not exposing patients to increased risk, in that the recommended dose can still be considered a safe dose. However, in a large number of cases, this leads us to miss the fact that a level higher than that currently recommended by the dose-escalation cohorts alone could still be considered safe while simultaneously offering the potential of a greater treatment effect. Our results agree with previous findings of retrospective analyses of 3 ϩ 3 trials, 26-29 and other authors have also suggested monitoring of DECs with some sequential safety rules. [30] [31] [32] There can be unique trials in which the RP2D is lower than the MTD, 8, 14 given auxiliary data observed in the DEC and based on recommendations of the data safety monitoring board. We view the methods discussed here as tools to provide the board with the necessary information to confirm or refine the RP2D in light of the complete data. These tools are not meant to be definitive. Investigators can incorporate them into phase I protocols without any practical changes in the way phase I trials are carried out, or they can allow more experimentation in expansion cohorts to further evaluate safety simultaneously with efficacy. Failure to monitor safety during the expansion phase raises ethical concerns, because investigators may continue treating patients at a dose that would otherwise be deemed invalid if all relevant data were used.
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If de-escalation occurs at dose level Ϫ1, additional enrollment will follow rules in first three rows only for dose level Ϫ1. 13 We estimate dose-toxicity parameter to be estimated ␣ ϭ 2.0286 and the MTD to be dose 7 mg/kg for acceptable rate of 25%. Hypothetical true dose-limiting toxicity (DLT) risk per patient for each scenario (ie, true dose-toxicity curves). Acceptable rate of 25% or 30% was used to vary location of true MTD. Scenarios S 1 to S 4 target 30% DLT rate. Scenarios S 5 to S 10 target 25% DLT rate and were studied previously.
